Introduction
[2] Due to the fast economic and social developments in China, the environment and particularly the surface water ecosystems are under great threat. The Yangtze River, or Changjiang, is the longest river in Asia (6300 km) and the 5th largest in the world by discharge (900 km 3 /yr). Even though water scarcity and withdrawal is not an issue, the list of devastating changes in the river basin is long. Some of the most apparent issues are the decreasing particle discharge [Chen et al., 2008] , the disappearance of about 800 lakes over the last 50 years, 75% decline of fish stocks due to overfishing (including the extinction of the freshwater dolphin, the Baiji [Turvey et al., 2007] ), increase of population, discharge of raw sewage, dense and increasing boat traffic, ongoing construction of dams and levies that interrupt the longitudinal and lateral connectivity of the river and cut off particle transport, seasonal shift of water discharge due to hydropower generation and management of the reservoirs [Dudgeon, 2010; Chibamba et al., 2009] .
[3] Water quality of the middle and lower part of the Yangtze has so far not been critical due to the dilution of loads by the enormous amounts of water [Müller et al., 2008] . However, the composition of river water and its temporal changes and trends reveal natural weathering processes as well as anthropogenic activities within the catchment basin. As the Yangtze River integrates the activities of 35% (400 Mio) of the Chinese population living in a catchment covering almost 20% of this country's area, its analysis is an invaluable indicator for changes and visualizes major processes. The comparison of the Yangtze River's element loads, hydrology and particle transport -especially when compared with earlier measurements -reflects significant developments in its drainage basin that also may affect the East China Sea. The recent work by Chetelat et al. [2008] has addressed this issue of characterizing the impact of anthropogenic activities compared to natural processes.
[4] Control of water quality is also essential for the largest water diversion ever attempted, the South-to-North Water Transfer Project [Berkoff, 2003; Yang and Zehnder, 2005] .
The system is already partly functional (the Grand CanalEastern Route) and partly under construction (Central Route, completion planned for 2014) and shall divert 44 km 3 /yr (about 5% of the river's annual discharge) to the northern provinces [Jiang, 2009] . Valuable water is transported in open canals for domestic and industrial purposes. Certainly, such a project includes an elaborate monitoring program along the layout of the canals, and detailed knowledge on the water quality of the source, the Yangtze River, is imperative. With this respect, our present study may serve as a baseline compilation of parameters to assess future changes.
[5] Human activity has so far not significantly altered the total annual water discharge of the Yangtze, contrary to drainage basins in the north of China where most surface waters are heavily affected by overuse and overexploitation of groundwater for irrigation and industry . In 2000 the water consumption in the Yangtze basin amounted to 83 km 3 /yr, which is <10% of the river's total discharge of around 900 km 3 /yr. [6] Energy production at the Three Gorges Dam (TGD) alters the water discharge of the Changjiang only on short time scales, as the reservoir capacity is only about 5% of the river's annual runoff . However, the many dams under construction or in planning [Dudgeon, 2010; China Three Gorges Project Corporation, 2007] will change the once mighty Yangtze into a series of reservoirs entirely devoid of river characteristics, thus altering the flora and fauna of the river and its shores. The most discussed issue in this context is the decrease of the particle load.
[7] The history and causes for changes of the Yangtze's particle load since 1951 are well documented and discussed [Chen et al., 2008; Wang et al., 2007 ; S. Yang et al., 2006; Zhang et al., 2006] . Recently, Wang et al. [2008] extended this period backward to 1860 applying a model predicting particle concentration as a function of the measured water discharge rates. A significant decrease of the suspended particle load occurred in the last 50 years not only due to the construction of dams and water gates of various sizes, but also because of reforestation projects and other programs to reduce soil erosion [Z. Yang et al., 2006] . An unprecedented low is experienced since the closing of the TGD in June 2003 where the long-term annual average of 470 Mt/yr before the construction of the main dam decreased to 130-140 Mt/yr today of which 40% is even attributed to channel erosion in the middle reaches of the Yangtze . These authors also document the erosion of the Yangtze delta region at Shanghai.
[8] Changing loads of major ions are important indicators for large-scale alterations of geochemical processes probably due to anthropogenic impacts. Valuable long-term data published by Chen et al. [2002] from the period revealed an increasing trend in sulfate (SO 4 2À ) and chloride (Cl À ) concentrations. While the former was attributed to the increasing consumption of the local sulfur-rich brown coal with subsequent air pollution and acid rain, the latter remained unexplained.
[9] Increasing cultivation and changes in agricultural practices have led to a tremendous increase of nitrogen (N) fertilizer application in the last 40 years. China is now the world's largest producer and consumer of N fertilizers, polluting surface and groundwaters as well as coastal areas, and also increasing its energy consumption and greenhouse gas emission [Kahrl et al., 2010] . In the year Bao et al. [2006 presented a N budget for the catchment of the Yangtze for the years 1980 and 1990 stating that anthropogenic N fluxes by far exceeded the natural cycle. The strong promotion of N fertilizers in China as a consequence of the agricultural reform in 1978 has led to a surplus application, exceeding the demand for crop production. Duan et al. [2007] observed increasing concentrations of nitrate since 1980, and Yan et al. [2003] reported that nitrate concentrations had increased tenfold in the period 1968-1997 because of N fertilizer application. At present, >90% of N discharged into the Yangtze originates from agriculture [Chibamba et al., 2009] . Consequently, in the rice, wheat and corn production the efficiency of N fertilizer (kg yield / kg N) decreased from 164 to 10, from 44 to 6, and from 93 to 9 kg, respectively [Tong et al., 2003] . Ju et al. [2009] estimated that fertilizer application could be reduced by 30-60% without any loss for crop yields. If these insights will change the behavior in the future we can expect to observe a 'peak nitrogen' phase, where a more efficient application will decrease the N loss to surface waters. Thus, future observation of this river might efficiently document the effect of a more responsible handling of N fertilizers in the future.
[10] On the contrary, phosphorus (P) concentrations decreased after the closing of the TGD in 2003, resulting in potential P limitation for primary production downstream [Chai et al., 2009] . Similarly, dissolved silica has decreased since the 1950s caused by primary productivity and its retention in the many reservoirs . As a result, the nutrient ratio Si: N: P has shifted markedly from the predominance of Si to that of N. It appears that productivity of the coastal waters is no longer N but P limited ], and there is strong evidence that the increasing ratio of N:Si is responsible for the increasing occurrences of harmful algae blooms in coastal waters [Anderson, 2009] .
[11] Zhang et al. [1990] and Zhang [1995] were the first to report trace metals in the Yangtze and its estuary. Generally, no anthropogenic influences could be quantified, and metal ion contents of the particulate matter transported by the Yangtze were attributed to natural weathering processes. This was confirmed by Chen et al. [2004] finding surprisingly low contents of 17 heavy metals in sediment cores from the Yangtze estuary, which they attributed to the dispersal of the heavy pollution from Shanghai to the enormous amount of suspended particulate matter transported by the Yangtze. Song et al. [2010] recently published an overview of trace element contents of suspended particulate matter in 75 locations all over the Yangtze River basin localizing three mining areas as main sources of pollution.
[12] In November 2006 we investigated the middle and lower part of the Yangtze River -from the TGD downstream to Shanghai -presenting a snapshot overview of the longitudinal distribution of polluting chemicals [Müller et al., 2008] . The present study complements this former work with monthly measurements over the course of 14 months at one spot, at Datong. Here we analyzed concentrations of major ions, macronutrients, and trace elements. We discuss seasonal variations and estimate annual loads. Results are compared with data reported in earlier studies, and from the temporal development we estimate anthropogenic contributions to the present loads. We thus provide a database for a better understanding of this river system that currently undergoes major changes. [14] Water samples were filtered in the field with a plastic syringe through pre-rinsed 0.45 mm pore size cellulose acetate membrane filters of 47 mm diameter (Beihua Liming Co., Beijing). Acid washed polypropylene filter holders from Millipore were used. The filtrates were acidified with 100 ml of suprapure HNO 3 (Beijing Chemical Factory) for trace element analysis. One sample was not acidified and used for ion chromatographic analysis of anions and cations (Metrohm, Switzerland). Samples were then shipped to Switzerland and analyzed at Eawag. Alkalinity was titrated with 0.1 M HCl and analyzed with a Gran plot [Stumm and Morgan, 1996, p. 179ff] . Silica, nitrate, ammonium, and dissolved inorganic phosphorus (DIP) were determined colorimetrically from filtered samples according to standard methods [Deutsches Institut für Normung, 2002] . Total phosphorus (TP) and total nitrogen (TN) were determined photometrically from unfiltered samples after digestion with K 2 S 2 O 3 for 2 h at 120 C in an autoclave. Samples for total dissolved phosphorus (TDP) and total dissolved nitrogen (TDN) were digested with the same method but from filtered samples. Ion charge balance for inorganic ions was between À6.2% to +0.3% in all samples. Dissolved organic carbon (DOC) was analyzed after oxidation in UV light with an Elementar TOC Shimadzu 5000A analyzer. Particulate organic carbon (POC) was measured by combustion from a glass fiber filter of 47 mm diameter and 0.45 mm pore size (Beihua Liming Co., Beijing). The trace elements As, B, Ba, Cd, Co, Cr, Cu, Li, Mn, Mo, Ni, Sb, Se, Sr, Pb, Zn, U, and V, as well as major cations Na, K, Ca and Mg were analyzed from acidified samples with an ICP-MS (Agilent 7500 series). Particulate elements were determined from membrane filters after filtration of a known volume of sample and oxidative acid digestion with HNO 3 and H 2 O 2 in a microwave for 30 min [Deutsches Institut für Normung, 2002] . The samples from the three stations across the river at Datong were analyzed individually and results averaged. Averaged data are given in the auxiliary material.
Materials and Methods
1 Only results from July 2009 to June 2010 were used for the estimation of annual loads and average annual concentrations. For every set of samples blank samples and either certified standard solutions (Merck X, TM.28.3, 1643e, and SLRS4, for dissolved samples) or the certified rock standard sample GBW 07305 (including an Eawag-internally used reference sediment) were included. Accuracy levels were between 3% and 10% for dissolved samples, 8% for the Eawag reference sediment, and 18% for the rock standard. Values for blanks and standards are given in Table S6 in the auxiliary material.
[15] Suspended solids (SS) were determined by weight difference of dried filters (40 C) before and after filtration independently two times by two experimenters. On the one hand, 0.5-1 L of water sample was filtered through a glass fiber filter of 0.45 mm pore size and 4.7 cm diameter (Beihua Liming Co., Beijing). On the other hand, 3-4 L of sample were filtered by a 14.2 cm diameter Whatman glass fiber filter (0.7 mm). The results obtained were averaged. Mean variation was AE9%.
[16] Water isotopic composition (d
18
Oan dd 2 H) was determined by cavity ring-down spectroscopy (Picarro L-1102i, Sunnyvale, CA). Calibration was performed with certified water standards from the International Atomic Energy Agency. [17] The flux of O 2 (or, similarly, CO 2 ) across the waterair interface is described by equation (1) [Alin et al., 2011] Benson and Krause, 1980] , O 2(aq) is the concentration in the river water [mol L À1 ], and pO 2 the partial pressure of O 2 in the atmosphere (0.21 atm). The exchange of a gas between water and the atmosphere depends on the concentration difference in the water and the atmosphere, and the turbulence of the water [Zappa et al., 2007] , which is mainly caused by the wind. Alin et al.
[2011] estimated gas exchange velocities, k, for large rivers and parameterized the relationship with the wind (equation (2) [18] The estimation of the flux of CO 2 is identical, however, CO 2(aq) is calculated from the measurements of pH and alkalinity. Temperature-dependent Henry coefficients (K H ) were calculated with the empirical formula given by Plummer and Busenberg [1982] .
Results
[19] Plots in Figure S1 in the auxiliary material show the seasonality of water discharge, temperature, and concentrations of major elements and nutrients of the monthly samples, starting May 2009 through to June 2010. Water discharge varies strongly by a factor of four to five with annual maxima in July to August, and minimal flow in December to January ( Figure S1a ). Changes of temperature are shifted by one to two months compared to water discharge, with maxima in September and minima in February. The major ions Ca 2+ , Mg 2+ , alkalinity (HCO 3 À ), Na + ,K + , and Cl À , tend to increase during the year to reach a peak in January and then decrease forming a distinct minimum at the end of April (Figures S1b and S1c) . This is only weakly expressed for K + whose concentration is quite constant during the whole year. Silica peaked in August and slightly decreased again during the following months. It may be noteworthy that concentrations are not a mirror image of water discharge, and the annual course of the concentrations seemed not (only) to be controlled by dilution. However, at first glance, loads of these parameters increase almost linearly with water discharge indicating that chemical variations are less important than discharge. A closer look on SO 4 2À and F À ( Figure S1d ) reveals that the shapes of these curves are different from those of other parameters, and they tend much more to mirror water discharge. This could indicate a source different from that of Ca 2+ ,M g 2+ , alkalinity, Na + , and Cl
À
. The nutrients phosphorus (P) and nitrogen (N) do not show pronounced seasonal cycles (Figures S1e and S1f). Dissolved inorganic P (DIP) is almost always <5 mgP/L, while total dissolved P (TDP) and the nitrogen species NH 4 + ,N O 3 À , and total dissolved N (TDN) slightly increased during the 14 months sampling period.
[20] The concentrations of major ions and nutrients plotted against water discharge show distinct hysteresis ( Figure S2 in the auxiliary material), except for K + ,SO 4 2À , and F À . For K + and Si there is no slope visible, while the concentrations of all other parameters increase with decreasing discharge. Thereby, concentrations are higher on the increasing branch of discharge, and lower on the decreasing branch (i.e., the hysteresis runs in a counter-clockwise way; Figures S2a-S2c). Contrary, for the nutrient species TDP, NH 4 + ,N O 3 À , and TDN the hysteresis runs clockwise, i.e., concentrations are lower on the increasing branch and higher on the decreasing branch of water discharge (Figures S2d and S2e) .
[21] Total concentrations of trace elements (dissolved and particulate) peaked together with the two month with high concentrations of suspended particles in July and August 2009 but did not express similar peaks at two later sampling events when the suspended particle concentrations were high again ( Figure S3 in the auxiliary material). Hence, the overall picture was two peaks at the end of the flood season 2009, and subsequently decreasing concentrations until the end of the sampling time (June 2010). Notable exceptions were As, Mo, Sb, and U. Sr behaved similar to Ca 2+ .
Discussion

Hydrology
[22] Due to the seasonal variation in precipitation and snowmelt, water discharge of the Yangtze River is lowest in December / January (11′300 m 3 /s) but 4-6 times higher between July and August (64′300 m 3 /s, Figure 2 ). Management of the Three Gorges Reservoir with the purpose of floodwater protection and hydropower production caused a shift in the seasonal water discharge to some extent from autumn to spring irrespective if the weather was dry (2009, red curve) or wet (2010, orange curve) compared to the long-term average (blue and light blue). As the storage capacity of the TGD reservoir is only about 5% (45 km 3 )of the annual discharge of about 900 km 3 , its average water residence time is in the order of one and a half month in winter, but only about 10 days at peak flow in summer. The sources of the water masses in the middle and lower Yangtze vary during the year. The winter monsoon (January -May) moves air masses from west to east, while the summer monsoon (June-September) from south to north.
[23] The water isotope signatures, d O, are depicted in Figure 3 and reflect the altitude from where the water originates. The isotopic composition of precipitation is primarily associated with air temperature, altitude, humidity, and the origin of the air masses that carry along the precipitation [Dansgaard, 1964] . Os i g n ature at Datong shows a flattened pattern compared to annual isotopic fluctuations of precipitation at different altitudes (shaded gray bands). Two circumstances can explain this feature, i) the two types of prevailing monsoon systems that import water from different origins, and ii) the residence time of the water in the TGR as well as the time lag of runoff to reach Datong.
[24] The proportion of water from high altitude regions is larger in winter and spring than in summer and autumn due to the westerly winds of the winter monsoon. Rain falls in the upper reaches of the river and flowing time to reach Datong is long. At the same time, water discharge is low and retention time in the reservoir >1 month. This may lead to the observed time lag of about 2 months of the d 18 O peaks compared to the shaded areas. Summer monsoon with its abundant precipitation results in isotopic signatures that are closer to the values typically observed in summer precipitation of the lower and middle reaches. However, the water isotopic values of the Yangtze at Datong always remain lower than in precipitation of the lower and middle reaches, demonstrating that water from the upper Yangtze catchment contributes a significant proportion throughout the year.
[25] The slope of d 2 H and d 18 O is slightly steeper in Yangtze water than the world average for precipitation of 8.1 (Figure 3b ) [Rozanski et al., 1993] . This indicates that water carried by the Yangtze as close to the sea as Datong was not exposed to sizable evaporation. The deuterium [Dansgaard, 1964] varied between 9 and 14‰ which is a rather narrow range compared to fluctuations of >15‰ typically observed in local precipitation over the course of a year [Dansgaard, 1964; Yamanaka et al., 2004] . Deuterium excess in precipitation around the globe is generally higher in winter than in summer, however, the Yangtze river water shows an inverse pattern with deuterium excess being lowest during the winter months and highest in summer (Figure 3b ). Among the very few studies published on water isotopes in the Yangtze catchment [e.g., Y. Cui et al., 2009] , two reported a similar pattern of lowest d-excess values in winter precipitation of Delingha on the Tibetan Plateau, which was attributed to strong continental inland moisture recycling in this alpine region [Tian et al., 2001; . However, for composite river water at Datong, this inverse deuterium excess must be seen as a function of the overall flow regime in the large Yangtze catchment.
Decreasing Load of Suspended Particles
[26] The load of particles decreased dramatically since the closure of the TGD in 2003. The history of the load of suspended particles is sophisticated as over time various human activities affected erosion (e.g., forest clearing and reforestation), and the construction of >50′000 dams in the past 60 years resulted in increased retention upstream . Figure 4 shows how from an average annual load of 482 Mt in the years 1950 to 1980 [Milliman et al., 1984] and 488 Mt for 1865 to 1968, the average load decreased to only 189 Mt/yr for the years 2003 . A particle load of 61 Mt/yr resulted from our measurements, which is a further decrease of the 85 Mt determined in 2006 [Chen et al., 2008] and close to the 52 Mt we estimated from the data of the 12-months sampling period of Mao et al. [2010] for 2006/07. The Yangtze today is a 'hungry river' eroding not only its own riverbed but also the subaqueous delta at Shanghai .
[27] The drop from 189 Mt (average from 2003 to 2005) to 61 Mt/yr within five years is remarkable and may also be a consequence of the exceptionally low water discharge in the autumn of 2009. We rule out the argument of an immanent artifact that when water is sampled from a boat at the river's surface, particles larger than a critical density and size will not mix with the whole water column but are transported only along the bottom of the river. While it is not possible to sample a representative profile from rivers of large depths and with high current velocity without heavy equipment or solid installations, we can estimate the critical particle size where suspended solids can be assumed to be homogeneously mixed in the water column. Generally, the Stokes settling, the depth of the river, and the diffusivity, which again is influenced by the friction velocity at the river bottom, determine the size of particles that can remain in suspension (A. Wüest, Eawag, personal communication, 2011) . With a back-of-the-envelope calculation (assuming a mean river depth of 10 m) we estimate a cut-off for mineral particles (density 2.5 g/cm 3 ) with diameters >200 mm. For organic particles with a density of only 1.07 g/cm 3 , particles as large as 0.9 mm are still transported by the river. Hence, particles of the size <200 mm can be assumed to be homogeneously distributed in the water column of the river. As Mao et al. [2010] report the mean grain size at Datong with 10 mm for high discharge in August and 7.9 mm for the time of lowest discharge in January, the estimated cut-off at 200 mm is sufficient to include the major particle fraction.
Major Ions
[28] Total annual loads of major elements in the Yangtze estimated from our measurements (23 July 09 to 19 June 2010) are presented in Table 1 . These values summed up give a load of total dissolved solids of 192 Â 10 6 t/yr. This is an increase of 25% compared to the average of the years Table S1 in the auxiliary material. The relationship between the temporal variation of the chemical component's concentrations (C) in a river and its water discharge (Q) is often used to i) characterize the typical behavior of a component, e.g., to distinguish between point sources and diffuse sources [Moosmann et al., 2005] , ii) interpolate missing concentrations from water discharge measurements, since these are often easily available, and iii) to estimate loads. An overview and discussion of rating curves encompassing the essential literature was recently published by Meybeck and Moatar [2011] . The decreasing concentration with increasing water load can be described quite accurately with a concentration-discharge (C-Q) relationship of the form
where C i is the concentration of the element i, Q is the water discharge, and a and b are fitting parameters where the size of b is responsible for the bend of the curve, i.e., the dependence of the concentration on water discharge. The parameter b is zero for a hypothetic chemical parameter that is not influenced by seasonal variations of precipitation, temperature, water discharge etc. i.e., its concentration is always constant. The parameter b would be À1 for a hypothetical parameter which was not a constituent of the river water (e.g., a xenobiotica from an industrial production process) which enters the river with a constant rate and therefore is diluted in proportion to the water discharge. In reality, À1<b<0a sa l l chemical parameters are influenced in various ways and to various extents. Similarly, Wang et al. [2008] have determined rating parameters for the load of suspended sediments with a power law. The parameters b for major elements extracted from our data set were HCO [31] The increase of SO 4 2À is unambiguously attributed to anthropogenic sources, namely the increased burning of sulfur rich coal in the Chongqing-Guiyang area that became heavily industrialized since the 1970s. Dissolution of gypsum and the oxidation of pyrite are the main natural sources for sulfate. However, as air pollution caused by the burning of coal is a pressing issue especially in the Sichuan and Chongqing provinces [Larssen et al., 2006] , atmospheric deposition of sulfur may be a dominant source. Chetelat et al. [2008] assume that chemical weathering reactions even may be dominated by sulfuric acid in some regions. Even though the Chinese authorities pushed for the implementation of flue gas desulfurization in the power plants [Duan et al., 2011] , the initiative did not appear to be too effective [Gao et al., 2009] . Burning of coal with sulfur content of 3-5% causes acid rain and high SO 4 2À concentration in the rainwater [Larssen et al., 2006] . According to Figure 5 the present-day's coal consumption exceeds the value estimated for the 1960s more than tenfold.
[32] Fluoride concentrations from natural sources such as the dissolution of the minerals apatite, mica, fluorite and cryolite are very small. Rivers comparable to the Yangtze such as the Ganges, Brahmaputra, and Meghna have average concentrations of 8.2 AE 3.6, 6.3 AE 3.1, and 3.5 AE 1.8 mmol/L [Datta et al., 2000] . Livingstone [1963] estimated a global average value for F À in rivers of 5 -11 mmol/L. Average fluoride concentrations of 11.3 mmol/L from our measurements agree well with the range found by Chetelat et al.
[2008] of 5 -15 mmol/L over the whole Yangtze basin. Larssen et al. [1999] suggests that fluoride found in the Yangtze is mainly derived from the combustion of coal and enters the river by precipitation (concentration of F À in rainwater is 25 -50 mmol/L). Apart from the burning of coal fluorine has a variety of industrial sources such as in the electrolysis of aluminum. Even the production of bricks and tiles from clays with high F À content is suspected to contribute substantially to the pollution. Indeed, high local concentration of fluorine due to the burning of coal is well known to be the cause of endemic fluorosis in areas where year-round coal stoves are in use [see, e.g., Qin et al., 2009] . The situation is especially grave in Guizhou province where more than 10 million people were reported to suffer from skeletal and dental fluorosis [Finkelman et al., 1999] . The coal produced in Sichuan has a fluorine content of about 200 mg/kg, and can in some areas be three times higher than the world average of 80 mg/kg .
[33] In a rough estimation the coal consumption of 160 Mt ( burning ended up in the water it would make up 18% of today's load of 485 t/d (Table 1) .
[34]N a + and Cl À originate from the weathering of rocks and the dissolution of evaporites but are also released to surface waters by industrial processes and household wastewater. The annual Cl À load has tripled since the measurements of Chen et al. [2002] (see Table 1 
The Nutrients Si, P, and N
[35] The concentrations of nutrients, and specially their ratios, have changed remarkably in the past 30 years. The consequence of the changes of the loads are decreasing Si:Nand increasing N:P-ratios, which most probably are one of the responsible factors for the increased occurrence of Harmful Algal Blooms (HABs) in the East China Sea [Duan et al., 2007; Li et al., 2007; Chai et al.,2009] . 4.4.1. Silica
[36] Although according to Figure S2a the concentration of silica (SiO 2 ), an element of purely geogenic origin, is seemingly unaffected by the seasons, a closer view indicates a slight trend to somewhat higher concentration with increasing river water temperatures in summer (see Figure S2a and Table S1 in the auxiliary material). On the one hand, considering only chemical aspects this could be caused by the increasing solubility of silicates with increasing temperature. On the other hand, nearly constant SiO 2 concentrations throughout the year suggest that removal of SiO 2 by sestonic and planktic diatoms in reservoirs is difficult to detect. Indeed, Li et al. [2007] estimated the reduction of the dissolved Si load at Datong due to retention in reservoirs with a model to 13% for 2002. Considering that annual loads strongly depend on annual water discharge rates, the SiO 2 load estimated for 2009/2010 agreed well with estimates from earlier periods ( Table 2) . Dai et al. [2011] , however, detected a decrease of dissolved silica until the 1970s and a relatively constant annual load of about 2080 kt/yr, which is 820 kt/yr less than what we estimated (Table 2) . A long-term decrease of dissolved silica loads as diagnosed also by Duan et al. [2007] and Li et al. [2007] can only be detected by means of monitoring data that extend over several decades.
Phosphorus
[37] Total Phosphorus (TP) concentrations tended to decrease with increasing water discharge approaching an about constant concentration at high water discharge (all Qiao et al. [2007] were multiplied with the annual averaged particle load at Datong given in this paper for the years 2000-2004. c Data by Liu and Shen [2001] for the period 1963-99. d Data by Yao et al. [2007] for total As and total Se. Table S2 in the auxiliary material). Two thirds of TP were transported in the particulate fraction. Concentrations of DIP were unusually low for river water varying in the range of 1-6 mgP/L ( Figure S1e ). This can be attributed to the high affinity of DIP to soil derived suspended particles relatively rich in Fe-oxides that seemingly buffer the DIP concentration at this low level. The concentrations of TDP were quite constant at 36-52 mgP/L during the seasons independent of the greatly varying water discharge, except for two peaks during the dry season. The sorbed DIP may desorb when the particle suspension is diluted [Müller et al., 2006] , which is indicated by, and may explain, the much higher DIP loads determined in the estuary region by Shen et al. [1991] , cited in Liu and Shen, [2001] and Tian et al. [1993] listed in Table 2 . Determination of TDP comprises organically bound P which becomes bio-available by mineralization but still does not include the fraction of desorbable P from the particulate matter. Hence, the amount of bio-available P relevant for primary production in the sea lies somewhere between the estimates for TDP and TP.
Nitrogen
[38] Similar to TP concentrations also NO 3 À , TDN, and NH 4 + tended to decrease during the time of high water discharge and to increase in the months of low flow. Apart from mineralization of natural organic matter, NH 4 + has no significant natural sources and is expected to decrease with increasing Q, in a mere dilution process. The loads of NH 4 + spread between 300 and 600 tN/d. For DOC we estimated an annual load of 1.8 Mt.
[39] In contrast to the Si load, large increase in the load of dissolved inorganic nitrogen (DIN) is apparent. This fact has been discussed by the authors cited in Table 2 and is mainly related to the excessive use of nitrogen fertilizers since 1978 (Figure 6 ). The consumption of N fertilizers almost doubled in the subsequent three years [Duan et al., 2007] . Zhang et al. [1999] diagnosed a doubling of the Table 2 . Annual Loads of the Nutrients Si, P, and N of the Yangtze River to the Sea (kt/yr) DIN concentration in the Yangtze from 1980 to 1997 at Nantong. Long-term monitoring data from the hydrographic station at Datong (Figure 6 ) made available by Yan et al. [2003] show that the DIN load today has increased by a factor of 15 compared to the early measurements at around 1970. Dai et al. [2011] as well analyzed a DIN load very similar to our estimate. The amount of bio-available nitrogen may be even higher and rather correspond to the estimate for TDN (2.25 Mt/yr) than to DIN.
Mineralization of Organic Matter
[40] The concentration of oxygen varied inversely proportional with the water temperature and was always about 10 -20% (av. 15%) below maximum saturation during the whole year (Figure 7a) . A parallel trend was observed for CO 2 as well, however, CO 2 in the river was always 2-6 times higher than the equilibrium with the atmosphere. This pattern may originate from the quasi-steady state process of the mineralization of organic matter carried by the river where O 2 is consumed and CO 2 produced proportionally. The rate of organic carbon mineralization can be estimated from both profiles independently. The method of calculation is explained in the Methods section.
[41] Similar to Devol et al. [1995] in their study on the mineralization of organic matter in the Amazon we assumed that respiration is the primary process for the consumption of oxygen in the river, and that exchange of O 2 and CO 2 with the atmosphere is at steady state. Photosynthesis in the turbid waters of the Yangtze was neglected, and we assume that the flux of O 2 into the river water equals the mineralization rate of organic matter.
[42] In proportion to the organic matter mineralized in the river, CO 2 is produced, which adds to the CO 2 that infiltrates with groundwater and evades via the water-air interface. Thus, pCO 2 in a river that carries organic matter and/or is affected by groundwater inflows is always higher than the pCO 2 of the atmosphere. The influence of groundwater CO 2 in the Yangtze River may be small compared to the mineralization of organic matter due to the heavy channeling of the river, cut-off from floodplains, kolmation of the river bed, and the high surface water discharge. In a steady state situation, where the rate of production of CO 2 is equal to the loss rate to the atmosphere, all carbonate equilibria in the river adjust according to the prevailing pCO 2 , which can then be estimated from the analytically easily accessible parameters pH and alkalinity.
[43] Figure 7b depicts the fluxes of O 2 from the atmosphere to the river and CO 2 from the river to the atmosphere during the year of sampling, as well as the water discharge and temperature. (Figure 7c ) agrees relatively well from the estimations of both, O 2 and CO 2 .It varies seasonally and tends to follow the water discharge between around 200 t/d at low flow (December) and around 1100 t/d at high flow (June/July). Mineralization rates related to volumes are 0.11 gC m À3 at low flow and 0.35 gC m À3 at high flow. The good agreement of the two estimates suggests that the major fraction of organic matter mineralization leading to the increased pCO 2 in the river occurs within the river itself and only a fraction that cannot be distinguished with the method applied originated from other sources such as groundwater infiltration.
[44] The Yangtze River was saturated with respect to calcite within the analytical error (AE5% for Ca 2+ and alkalinity, and AE0.1 for pH), except for three values between August and October 2009 that were around three. The concentrations of both, alkalinity and Ca 2+ , are high compared to other large rivers of the world. Such high concentrations can only be attained when the calcite is exposed to water of a high partial pressure of CO 2 . Stumm and Morgan [1996, p. 189] have illustrated the relationship between alkalinity and Ca 2+ for a variety of large world rivers. The increasing pCO 2 causing the increasing concentrations of the species of the carbonate system is interpreted with increasing amounts of degradable organic matter carried by the rivers. Our value for the Yangtze is among the highest worldwide.
Trace Elements
[45] Even though concentrations of most trace elements in the Yangtze River are in the same range as in other large rivers of the world [Müller et al., 2008] , loads are enormous due to the high water discharge. We estimated annual loads from our data set using the measurements from July 2009 to June 2010. It is difficult to assess the changes of the recent decades due to the scarcity of studies available in the English literature. Results and additional literature data are presented in Table 1, while measured concentrations are given in  Tables S3-S5 in the auxiliary material.
[46] Trends in the concentrations of trace elements associated with suspended particles during the sampling period was not correlated with water discharge, precipitation, or temperature. Particulate metal concentrations were highest during July to October when water discharge was high and decreasing (Table S4 in the auxiliary material). Contents were lowest the following year in springtime (April to June) during the increasing branch of the water discharge. They appeared to change independent from hydrological and seasonal processes.
[47] For comparison we depict in Figure 8 contents analyzed in uncontaminated sediments sampled in 1987/88 in the source areas of the Yangtze [Zhang and Zhou, 1992] , from the estuary 1984-88 [Zhang, 1995] , at Datong 2000/01 [Qiao et al.,2 0 0 7 ] ,W u h a n , and averages over the whole river [Song et al., 2010] . The similarity of the metal content of the particles in spite of the different times, locations and origins are striking. The range of trace element contents we observed during 14 months of sampling varied by factors of 3-6. The highest contents all exceeded the quality targets recommended by the EC (Overview of quality standards of the EC, international river basin communities, and LAWA for heavy metals, 2006, http://www.umweltbundesamt.de/wasser-e/ themen/fluesse-und-seen/fluesse/bewertung/ow_s2_2.htm) by up to a factor of two (for data of Figure 8 see Table S7 in the auxiliary material).
[48] The most rigorous way for the assessment of anthropogenic contamination is the determination of enrichment factors for trace elements associated with suspended particles [see, e.g., Meybeck et al., 2004] . The enrichment factor or pollution index (PI) describes how much an element is enriched with regard to its 'natural background' concentration:
Of course, it is difficult to determine a natural background for a river with such an enormous catchment area and such scarce measurements available. The most suited study to our knowledge is the one by Zhang and Zhou [1992] who published high quality trace metal measurements from suspended particles of a stream in the source region of the Yangtze. The most prominent elements for the assessment of anthropogenic pollution are Cd, Cu, Pb, Zn, and Hg [Meybeck et al., 2004] . The sum of the PIs of these elements are suggested to be used for a combined metal pollution index, however, as measurements of Hg are missing in our data set, we discuss the PIs of the individual elements (Table 3) . Pollution indices calculated for the annual average concentrations of the Yangtze at Datong were 7.0 (Cd), 0.7 (Cr), 2.9 (Cu), 1.2 (Ni), 5.0 (Pb), and 2.7 (Zn). A correlation between water discharge and PI as described by Meybeck et al. [2004] who observed highest PI values during the low flow period was not detected. A temporal trend is not evident from a comparison with data from Zhang et al.
[1990] (sampled in 1984), and Qiao et al. [2007] (sampled 2000/01) except for a much higher value for Cd and a decrease of the PI of Cr. Recently, Song et al. [2010] reported data on 37 suspended sediment samples along the main channel of the river, which are higher in Cd, Cr, and Cu than our measurements, but very similar in Ni, Pb, and Zn. The values may not be directly comparable since the River upstream is locally more contaminated with trace elements than downstream. These authors point out the three mining areas Panzhihua, Northeast Yunan, and Nanling as the main sources of trace element contamination of the Yangtze. The effect of these sources may, however, be attenuated at Datong due to the many reservoirs along the main channel of the Yangtze -most of all the TGD -and the Poyang lake acting as sedimentation basins where trace elements are removed by scavenging.
[49] Even though the trace element contents of the suspended particulate matter has not changed much overall, the loads transported to the sea have greatly decreased (Table 1) . Particulate loads of all trace elements determined by Qiao et al. [2007] from samples of 2000/01 were 73-86% smaller (As: 50%) in our sampling campaign nine years after (2009/10) . This decrease of trace metal loads matches the decrease of the suspended particle load (76%) as Qiao et al.
[2007] estimated an average annual particle load of 250 Mt for the years 2000-04. This indicates that the decrease of the trace element load is mainly caused by the retention of suspended particles in the many reservoirs and thus by the decrease of the particle transport in recent years, but not by an effective decrease of emission to the river.
[50] The decrease of the metal loads may be partly influenced by efforts of the Chongqing regional government to relocate metal polluting industries out of the urban area in the past decade. Due to the lack of detailed information it is not possible to evaluate or quantify the effect of such actions.
[51] Hence, we conclude that the high input of trace elements to the river is not reflected in high metal contents of the suspended particles and thus high discharge to the East China Sea. As a large fraction of trace elements are transported associated with suspended particulate matter it shares the fate of the particles that settle in the many reservoirs and dams, particularly the TGD, which reduced the particle transport of the Yangtze by more than 400 Mt/yr. Sediments in these locations are probably bearing the 'missing' loads of metals and may become local hot spots for contamination.
Conclusions
[52] Water quality of the Yangtze River is an essential and effective indicator on natural processes as well as anthropogenic activities in the catchment. On the one hand quantification and long-term monitoring of inorganic water constituents allows tracing variations attributable to changes Figure 8 . Trace metal contents of particles in mg/g collected from the Yangtze River at different times and different locations (see text). World river averages are calculated from the compilation by Gaillardet et al. [1999] . The last line contains quality target values recommended by the EC. Song et al. [2010] were averaged from 36 samples along the whole main channel.
in hydrology, precipitation, temperature, natural weathering, seasonal periodicity or to any aspects of climate change. On the other hand anthropogenic activities affecting surface and groundwater, soil and the atmosphere become apparent, such as changes in the hydrological water discharge and particle transport, enhancement of element cycles, e.g., by mining or excessive coal burning, agricultural practices, and waste disposal.
[53] The most significant change in the last decades is the marked decrease of the load of suspended particles in the Yangtze River that is caused by the excessive construction of reservoirs. An increasing number of publications report on the changing loads of nutrients, mainly Si, N, and P. These elements become more relevant for primary production as the river becomes more lake characteristics. They are, however, essential for the shelf region of the East China Sea where an increase of Harmful Algal Blooms (HABs) with ever more dangerous species was recorded in recent years.
[54] Comparison with our load estimations of trace elements with older data from the literature shows that loads to the East China Sea have decreased in the past decade. Trace metal contents of particulate matter published by various authors, however, are of similar orders of magnitudes. Therefore, the decreasing loads are at least partly attributed to the decreased load of suspended particles. Thus the load of trace elements settled in reservoirs should be estimated. However, few English publications are available on trace element measurements in the Yangtze River, hence, the loads estimated of earlier years are subject to large uncertainty.
[55] The detailed analysis of patterns, concentrations and loads of inorganic water constituents allow the detection and quantification of interesting facts and reflect major activities in the catchment. It reveals, however, that they alone are not responsible for the destruction of the river ecosystem of the middle and lower Yangtze, which is manifested in the disappearance of species abundance and fishing yields.
